frequency-division multiplexing (OFDM) transmission in time-varying channels suffers from intercarrier interference (ICI). Existing ICI countermeasures usually address a few dominant ICI terms only and treat the residual as similar to white noise. We show that the residual ICI has high normalized autocorrelation and that this normalized autocorrelation is insensitive to the maximum Doppler frequency and the multipath channel profile, among other things. The residual ICI can thus be whitened in a largely channel-independent manner, leading to significantly improved detection performance. Simulation results confirm the theoretical analysis. In particular, they show that the proposed technique can lower the ICI-induced error floor by several orders of magnitude in maximum-likelihood sequence estimation (MLSE) designed to address a few dominant ICI terms.
I. INTRODUCTION
Time variations of the channel lead to loss of subcarrier orthogonality and result in intercarrier interference (ICI) in orthogonal frequency-division multiplexing (OFDM) systems. The problem is especially acute when the carrier frequency or the mobile speed is high. And many studies on ICI mitigation have been published.
In the absence of ICI, the channel matrix of an OFDM system, in the frequency domain, is diagonal. ICI makes the channel matrix full, complicating signal detection. In theory, an optimal signal detector should take all ICI terms into account. But for complexity and robustness reasons, usually only the dominant terms are compensated. As these dominant terms are normally concentrated around the diagonal (in a circulant fashion due to sampling), the channel matrix shows a band structure [1] - [4] .
Jeon et al. [1] consider the situation where the normalized peak Doppler frequency (i.e., peak Doppler frequency divided by frequency spacing of subcarriers) is on the order of 0.1 or less. In this situation, the channel variation over a short time period can be approximated as linear. A corresponding frequency-domain equalizer that exploits the ensuing band channel matrix structure is proposed. On the other hand, Schniter [2] considers normalized peak Doppler frequencies up to the order of 1. The ICI is more widespread. Time-domain windowing is proposed to partially counteract the effect of time-variation of the channel and shrink the bandwidth of This work was supported in part by the National Science Council of R.O.C. under grant no. NSC 98-2219-E-009-012. the channel matrix. Then an iterative minimum mean-square error (MMSE) equalizer is used to detect the signal. In [3] , the band channel matrix structure is exploited to reduce the complexity of block-type linear MMSE equalization via triangular factorization of the autocorrelation matrix. In [4] , the ICI is treated via Viterbi-type maximum likelihood sequence estimation (MLSE) in the frequency domain, where the band channel matrix structure is utilized to limit the algorithm complexity.
The consideration of only the dominant ICI terms results in an irreducible error floor in time-varying channels [1] - [4] . Moreover, while the uncompensated residual ICI is colored [1] , [5] , for various reasons it is often treated as white [4] - [6] . In this study, we explore the correlation property of the residual ICI beyond the few dominant terms, and we propose a way to exploit this property for significantly enhanced signal detection performance over mobile time-varying channels.
The remainder of this paper is organized as follows. Sec. II describes the system model. Sec. III analyzes the residual ICI's autocorrelation. It turns out that the values are not only high but also insensitive to various channel conditions and system parameters. Sec. IV introduces the proposed detecting method that utilizes the residual ICI's high correlation to an advantage. Sec. V presents some simulation results. And Sec. VI is the conclusion. Fig. 1 shows the discrete-time baseband equivalent model of the OFDM system under consideration, where we let N denote the size of DFT used in the system. The input-output relation of the channel is given by
II. SYSTEM MODEL
where L is the number of multipaths, h n,l is the complex gain of the lth path at time n, and w n is the complex additive white Gaussian noise (AWGN) at time n. We assume that the length of the cyclic prefix (CP) is sufficient to cover the length of the channel impulse rsponse (CIR) (L−1)T sa , where T sa denotes the sampling period. The received signal in the DFT domain is given by 
For a time-invariant channel, H 
where
, and
with denoting transpose and
giving the coefficient of the contribution of X k in the received signal at subcarrier m.
As stated previously, a band approximation to H that retains only the dominant terms about the diagonal may ease receiver design and operation, but also results in an irreducible error floor. Consider a symmetric approximation with one-side bandwidth K, that is, a m,k = 0 for |(m − k)%N | > K where K is a nonnegative integer and % denotes modulo operation.
Then the ICI at each subcarrier consists of contributions from at most 2K nearest (circularly) subcarriers. In this work, we exploit the correlation of the residual ICI outside the band to attain a significantly enhanced signal detection performance. For convenience, in the following we omit explicit indication of modulo-N in indexing a length-N sequence, understanding an index, say n, to mean n%N .
III. AUTOCORRELATION OF RESIDUAL ICI
Consider a wide-sense stationary uncorrelated scattering (WSSUS) channel [7] with
where σ 2 l denotes the variance of the lth tap gain, r(q) denotes the normalized tap autocorrelation (where r(0) = 1), and δ(m) is the Kronecker delta function. For convenience, assume that l σ 2 l = 1. Moreover, assume the paths are subject to Rayleigh fading, so that [7] r(q)
where J 0 (·) denotes the zeroth-order Bessel function of the first kind and f d denotes the maximum Doppler frequency. Assume a receiving algorithm designed to handle 2K terms of nearest-neighbor ICI. We may partition the summation over k in (2) into an in-band term and an out-of-band (i.e., residual ICI) term as
Alternatively, in terms of the notation given in (6),
where c m is the residual ICI. For N sufficiently large, we may invoke the central limit theorem and model the residual ICI as Gaussian. From (9), the autocorrelation of c m is given by
where r is an integer, E s is the transmitted symbol energy, and we have assumed that X k is white. and T sa = 1/(Nf s ), which are some of the Mobile WiMAX parameters [8] . As a reference, note that a peak Doppler shift of 1 kHz, for example, corresponds to a mobile speed of 180 km/h at a 6-GHz carrier frequency, or a mobile speed of 540 km/h at a 2-GHz carrier frequency. In the figures, also plotted are the simulation results obtained with a channel having the COST 207 6-tap power-delay profile shown in Table I [9, p. 94], but with each path following classical Rayleigh fading. The theory and the simulation results agree well. The figures show that the residual ICI exhibits high correlation across a few subcarriers. Moreover, for given r the correlation increases with K. These facts can be understood by examining (11). Moreover, such high correlation is not limited to the Jakes model. For space reason we omit a detailed discussion.
Most interestingly, the normalized autocorrelation is not sensitive to f d . Now, in (12) the quantities f d and T sa appear only in product form. As a result, variation in one of them cannot be distinguished from variation in the other. It can thus be inferred that the normalized autocorrelation of the residual ICI is not sensitive to T sa , either. Moreover, from (12) it can also be seen that the normalized autocorrelation of residual ICI is neither sensitive to the channel profile.
In addition, we note that the normalized autocorrelation of the residual IC is also insensitive to the DFT size N and the transmitted signal power E s , as can be intuitively expected.
In summary, the normalized autocorrelation of the residual ICI is insensitive to the maximum Doppler frequency f d , the multipath channel profile, the sampling period T sa , the DFT size N , the OFDM symbol time, and the transmitted symbol energy E s , under the assumption of a Rayleigh-faded WSSUS channel. This is good for system design because a filter that depends only on the signal-to-noise ratio (SNR) but fixed otherwise may be used to whiten the residual ICI to attain a significantly lower error floor. The fixedness of the filter also implies robustness and low complexity. The noise regenerated by decision feedback can be used to estimate the autocorrelation function by time-averaging to lower the variation of estimation as long as the SNR is invariant.
IV. SIGNAL DETECTION WITH WHITENING OF RESIDUAL ICI
As indicated, we propose to whiten the residual ICI (plus noise) in signal detection. This can be applied to many detection methods, including MMSE, iterative MMSE, decisionfeedback equalization (DFE), MLSE, etc., providing a wide range of tradeoff between complexity and performance. In this work, we consider an MLSE-based technique to demonstrate the benefit of whitening the residual ICI. For simplicity, rather than performing whitening over a complete sequence, we do "blockwise whitening" over windows of size 2q + 1 where q may or may not be equal to K. The details are as follows.
Consider a vector of 2q+1 frequency-domain signal samples centered at sample m: 
If block-by-block signal detection were desired, then the ML criterion results in the detection rule [10] x m = arg min
As stated, we consider MLSE-based detection in this work.
In developing the MLSE-based detection method, we treat w m , m = 0, . . . , N − 1, as if they were mutually independent, even though this may at best be nearly so. Then
where f (·) denotes probability density functions. Standard Viterbi algorithm may then be obtained observing the recursive progression of the log-likelihood values:
Disregarding some common terms that do not affect sequence detection, in the Viterbi algorithm we may use
as the branch metric instead of log f ( y k − H k x k ). A tradeoff between complexity and performance can be achieved by different choices of q, p, and K.
V. SIMULATION RESULTS
We present some numerical results in this section. All experiments are conducted with N = 128 and with uncoded QPSK modulation on the subcarriers. The channel is the 6-tap Rayleigh-faded WSSUS channel shown in Table I . We assume that the receiver has perfect knowledge of the channel state information (CSI), which includes the channel matrix within band K and the noise covariance matrix K w .
In addition to the proposed technique, as a benchmark, we consider signal detection given perfect knowledge of the interfering symbols, i.e., the matched-filter bound (MFB). To make the MFB a more-or-less absolute lower bound, it is obtained with the residual ICI outside band K fully cancelled. Other than these, the same MLSE as in the proposed technique is used with the same assumption of perfect CSI. 
For SNR = 28 dB, both the MFB and the performance of the proposed technique improve monotonically with increasing f d , or increasing time-variation of the channel. This should be due to that faster channel variation yields greater time diversity. For SNR = 45 dB, the performance also improves with increasing f d until, in the case of the proposed technique, f d reaches about 1500 Hz. Afterwards, the residual ICI dominates in determining the performance of the proposed technique, as can be seen by the closeness of the corresponding curve to that for SNR = ∞.
In Fig. 6 , we compare the performance of the proposed technique with that of MLSE that treats the residual ICI as white [4] , at K = 1 and in noise-free condition (i.e., SNR = ∞). The proposed method shows a remarkable gain of almost four orders of magnitude in bit error rate (BER). K, and modulation order, a Viterbi algorithm will have O(N ) complexity over one whole OFDM symbol.
It is of interest to examine the performance of the proposed technique at K = 0, that is, with blockwise whitening of the (complete, not just residual) ICI followed by MLSE. Fig. 7 shows the result with q = 1 in noise-free condition. Also shown for comparison is the performance of one-tap matched filtering, i.e., the conventional OFDM signal detection method. One-tap matched filtering is the optimal detection method with K = 0 in AWGN. Fig. 7 shows that, in ICI, the proposed technique yields only a slight lead over it. The ICI covariance matrix in this case is given by 
Comparing with the case with K = 1, we conclude that the worse performance should result from both the higher level of ICI and the lower correlation among them, the latter diminishing the benefit of whitening. One concern of the proposed technique is its complexity with higher-order modulations. In this regard, various reducedcomplexity MLSE methods can be considered. However, we reiterate that the proposed whitening of residual ICI plus noise is not tied with MLSE, but can be used with any of a variety of other detection methods for the desired complexityperformance tradeoff. For example, one option is to use it with the iterative MMSE of [2] to attain a reasonable complexity.
VI. CONCLUSION
We found that, in a mobile time-varying channel, the residual ICI beyond several dominant terms had high normalized autocorrelation. Moreover, we found that this normalized autocorrelation was not sensitive to the maximum Doppler frequency, the multipath channel profile, the sampling period, the DFT size, the OFDM symbol time, or the transmitted symbol energy. As a result, a filter that depends only on the SNR but otherwise fixed can be used in association with many different signal detection schemes to whiten the residual ICI and yield significantly better signal detection performance. The fixedness of the filter also implies robustness.
We considered blockwise whitening of the residual ICI plus noise in MLSE-type signal detection in ICI. Simulations showed that the proposed technique could lower the ICIinduced error floor by several orders of magnitude in MLSE that addressed a few dominant ICI terms.
